Interferon (IFN) gene based therapy has been studied for the treatment of many diseases such as viral infections, cancer and allergic diseases. Non-viral vectors, like plasmid DNA, are promising ways for delivering IFN genes, because of their low immunogenicity and toxicity compared with viral vectors. Potent therapeutic effects of IFN gene transfer will depend on the level and duration of transgene expression after in vivo administration. Therefore, controlling the kinetics of transgene expression of IFNs is a rational approach for improved gene therapy. The design and optimization of plasmid vectors, as well as their route/method of administration, is the key to obtaining high and persistent transgene expression. In this review, we aim to present experimental evidence about the relationships among the properties of plasmid vectors expressing IFNs, the kinetics of transgene expression, and therapeutic effects as well as safety issues.
Introduction
Interferon (IFN) belongs to a family of cytokines, classified into three types based on the receptors with which they interact to initiate signal transduction. Type I IFN consists of many IFN subtypes including IFN-α and IFN-β. Type I IFNs signal through an IFN-α receptor complex. IFN-γ is the only IFN designated as a Type II IFN. IFN-γ binds to an IFN-γ receptor complex. The last and newest subgroup of IFNs, type III IFN, is IFN-λ. IFN-λ signals through a receptor complex consisting of IFN-λ receptor 1 and Interleukin-10 receptor 2. All types of IFNs have been shown to exert immunomodulatory, antiviral and antiproliferative effects. IFNs have been extensively studied as a treatment for many diseases, such as viral infections, allergic diseases and cancer. However, the success of IFN-based therapy in clinical practice is limited probably because of the short in vivo half-life of IFN.
Therefore, IFN gene transfer has been considered to be a promising alternative to overcome this hurdle as, theoretically, it should be able to supply IFN for a long period of time (Platanias, 2005 , Sadler and Williams, 2008 , Bracarda et al., 2010 , Kalanjeri and Sterman, 2012 .
Gene therapy is defined as the transfer of a gene of interest, such as a cytokine or an antigen, into the body to treat diseases. For over two decades since the first clinical trial of gene therapy in the late 1980s (Edelstein et al., 2007) , gene therapy has shown great promise in treating a variety of diseases, such as cancer, cardiovascular diseases and inherited diseases.
Gene transfer can be performed using vectors, which are generally categorized as viral and non-viral. Despite their high transfection efficacy, viral vectors are generally associated with serious toxicities, high immunogenicity and a limitation in the size of the transgenes incorporated into the vector. Therefore, non-viral vectors, or non-viral gene delivery systems are very attractive alternatives because of their low toxicity, low immunogenicity, and ease of preparation without any limitation of DNA loading capacity. However, the main obstacle of non-viral vectors is the low and transient transgene expression, which prevents non-viral vectors from exerting efficient therapeutic effects (Kay, 2011, Li and Huang, 2007) . To achieve efficient gene therapy, the improvement of plasmid DNA together with the efficient route/administration methods should be optimized. This review provides an overview on current non-viral vectors delivery methods, and summarizes the general ideas behind plasmid DNA modification for controlling the kinetics of transgene expression and some approaches that have been applied for IFN gene therapy in preclinical models.
Non-viral vectors delivery methods
Several biological barriers obstruct the efficient delivery of plasmid DNA into target cells.
Once plasmid DNA enters into the systemic circulation, it would be recognized by immune responses or interacts with biological components. After escaping from the extracellular matrix and reaches the target cell, plasmid DNA need to across the cell membrane and then import to the nucleus for transcription-translation process. The route/method of administration determines the number of barriers that should be overcome for successful in vivo gene transfer using plasmid DNA Huang, 2001, Escoffre et al., 2010) .
Many advanced technologies have been developed to deliver plasmid DNA into target cells, have been used and have been reviewed by many experts in details (Nishikawa and Huang, 2001 , Nishikawa and Hashida, 2002 , Al-Dosari and Gao, 2009 , Mehier-Humbert and Guy, 2005 , Escoffre et al., 2010 , Kamimura et al., 2011 . The latest gene therapy clinical trial data indicate that the most popular non-viral system used in clinical trial is naked DNA (18.5% of all trials), followed by cationic lipid/DNA complexes (6% of all trials) (Edelstein et al., 2004 , Edelstein et al., 2007 , Edelstein, 2012b . This section provides a brief summary of common non-viral gene delivery methods, which are categorized into physical and chemical approaches.
Physical methods
The physical approaches include the simple injection of naked plasmid DNA and the application of physical or electrical forces to increase cell permeability via the formation of transient pores in the plasma membrane. The advantages of this method are the simplicity and safety issue. Physical approaches are generally well tolerated.
Naked plasmid DNA injection
This is the simplest method to deliver plasmid DNA by injection of naked plasmid DNA into local tissues or systemic circulation. The number of clinical trials using naked plasmid DNA has increased from 14% in 2004 to 18.5% in 2012 (Edelstein et al., 2004 , Edelstein et al., 2007 , Edelstein, 2012b . Wolff et al. was the first that reported in vivo plasmid DNA transfection by direct injection of naked plasmid DNA into mouse muscle (Wolff et al., 1990) .
In addition to intramuscular injection, efficient transgene expression could also be achieved by direct injection of plasmid DNA into other tissues such as skin (Choate and Khavari, 1997) , intrathecal space (Hughes et al., 2009 ) and tumors (Nomura et al., 1997 ).
Hydrodynamic injection
Hydrodynamic based gene transfer is carried out by a high-speed intravenous injection of naked plasmid DNA with a large-volume of solution. The high pressure induced by hydrodynamic injection leads to a transient enhanced membrane permeability of hepatocytes, which allows the transfection of plasmid DNA (Zhang et al., 2004) . This procedure has been widely used as the most convenient and efficient method for in vivo gene delivery to rodents.
The hydrodynamic injection is also applied in large animals using a balloon catheter (Eastman et al., 2002) or computer-assisted device (Suda et al., 2008) . This suggests that the hydrodynamic injection method is feasible for clinical application in the future.
Gene gun
Gene gun delivery, also known as particle bombardment, is a bombardment of the target tissues with high-density particles, like gold or tungsten, coated with plasmid DNA. The particles are accelerated to high velocity by an electrical discharge or compressed gas, usually helium, and then pass through cell membranes of the target cells (Uchida et al., 2009) .
Despite the limitation of the depth of penetration of plasmid DNA into the tissues, gene gun has been widely used for cutaneous gene therapy and immunization. To date, about 0.3% of all clinical trials in gene therapy using gene gun has been reported (Edelstein, 2012a ).
Electroporation
The application of short and intense electric pulses to the tissues generates transient enhanced cell membranes permeability. Electroporation is conducted by a local or systemic administration of plasmid DNA into target tissues followed by an application of controlled electric pulses. This method has been reported to increase the levels of transgene expression up to 100-to 1,000-fold compared to the simple injection of plasmid DNA (Escoffre et al., 2010) . The limitation of the method is the number of cell transfected and the invasive method is required for the accessibility of the electrodes to the internal organs (Kamimura et al., 2011) .
Besides the physical approaches has been described above, various techniques has been developed such as jet injection (Escoffre et al., 2010) , laser beam gene transduction (Escoffre et al., 2010) , laser irradiation (Mehier-Humbert and Guy, 2005) . The non-viral vector, which combined some physical approaches with synthetic vehicles such as sonoporation (Ultrasound-responsive vehicles) and magnetofection (magnetic field-responsive vehicles) have also been invented (Mehier-Humbert and Guy, 2005) for improved transfection efficiency.
Chemical methods
Chemical methods for non-viral gene delivery are based on the use of synthetic or natural substances. Electrostatic complex of the negative charged plasmid DNA with the positive charged molecules such as cationic lipids or cationic polymer are typical methods.
Liposome-based carriers
Cationic lipid and plasmid DNA spontaneously form the complex via electrostatic interactions. The complex formation reduces the strong negative charge of plasmid DNA and facilitates its interaction with cell membrane, resulting in gene transfer into the cells. 
Polymer-based carriers
Cationic polymers have been also widely used for non-viral gene transfer. Numerous types of cationic polymers have been utilized for gene delivery, most common used polymers are polyethyleneimine (PEI), poly-L-lysine (PLL), chitosans and dendrimers (Patil et al., 2005) .
Transfection efficiency of polymeric based vehicles is based on many factors such as type of polymers used, net charge and size of particles. The physicochemical properties of vehicles determine the safety, efficiency and specificity of the strategy (Pack et al., 2005) .
Optimization of plasmid DNA components
Unless the optimized plasmid delivery methods, the design of plasmid construct is the other key factor in achieving successful transgene expression. Two main components of plasmid DNA determine the extent of transgene expression as well as DNA production in bacteria.
One is the gene control region, i.e., promoter and enhancer, which is required for regulating the transgene expression in eukaryotic cells. Another is the backbone of plasmid DNA, associated with the origin of replication and selection of marker genes, which are necessary for plasmid propagation in bacteria. The level and duration of transgene expression can be regulated by optimization of these plasmid components (Yew, 2005 , van Gaal et al., 2006 . Figure 1 demonstrates the schematics of the conventional plasmid and the modification of plasmid using various approaches.
Promoter/enhancer selection
The promoter is the key region for controlling the profile of transgene expression. Each promoter has a unique transgene expression profile. Therefore, selection of the optimal promoter, including other regulatory elements such as the enhancer, could control the kinetics of the transgene expression pattern of the plasmid. Various types of promoter with different expression characteristics have been reviewed (Yew, 2005) . For example, CMV promoter, a widely used promoter that is derived from the regulation region of the immediate early gene of cytomegalovirus (CMV), exhibits transient expression. CMV promoter confers a strong expression of transgene but the level of transgene expression is rapidly reduced. Elongation factor 1 α (EF1α) promoter is known to exert sustained gene expression although its expression level is lower than that of CMV promoter. Therefore, optimization of the promoter and enhancer combination is an effective way of obtaining high and sustained gene expression. As a good example of promoter optimization, Magnusson et al. optimized the promoter and enhancer for high and sustained transgene expression. Switching murine CMV (mCMV) enhancer to human CMV (hCMV) enhancer resulted in the sustained expression of luciferase (Luc) activity over 80 days, whereas the Luc expression of mCMV enhancerdriven plasmid DNA fell below the limit of detection in 45 days. This sustained transgene expression achieved with hCMV enhancer might be explained by the differences in type and number of transcription factors between species. Furthermore, to combine the high level of transgene expression from CMV promoter with the sustained expression profile of EF1α promoter, the shuffle CMV-EF1α promoter (SCEP) was engineered. The expression profile from SCEP was compared with that of standard promoter, including CMV promoter and EF1α promoter with hCMV enhancer. CMV promoter showed a very transient expression profile compared with EF1α promoter and SCEP. Both EF1α promoter and SCEP showed a similar sustained expression profile. Furthermore, SCEP promoter showed a higher level of transgene expression than EF1α promoter at all time points. This study demonstrated that a sustained transgene expression can be achieved by optimizing the promoter and enhancer compartment (Magnusson et al., 2011) .
Modification of plasmid DNA backbone
In addition to the promoter and enhancer, the plasmid DNA backbone should also be considered as it affects the profile of transgene expression.
Depletion of CpG-motifs from plasmid DNA
Although plasmid DNA is less immunogenic than viral vectors, the cytosine-phosphateguanine dinucleotides (CpG motifs) in plasmid DNA can induce inflammatory responses.
The recognition of CpG motifs is mediated by Toll-like receptor 9 (TLR9), which consequently results in the generation of pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α and IFN-γ. Generally speaking, these cytokines have negative effects on transgene expression (Scheule, 2000) . In addition, the methylation of cytosine residues of the CpG motif in plasmid DNA may also be related to transgene silencing (Scheule, 2000 , Yew and Cheng, 2004 . Therefore, the elimination of CpG motifs from plasmid DNA could reduce immune responses to the DNA and transgene silencing, resulting in the prolongation of transgene expression. Yew et al. constructed a plasmid DNA with a reduced number of CpG motifs (Yew et al., 2002) . They named this plasmid vector pGZB vector. pGZB coding chloramphenicol acetyltransferase (CAT), pGZB-sCAT (containing 102 CpG motifs), increased the duration of CAT expression in the lung and liver after in vivo gene transfer compared with ones consisting of conventional CpG-replete plasmid DNA (256 CpG motifs). Similar results were obtained when the CAT gene was replaced with blood coagulation factor IX. This study supported the hypothesis that persistent transgene expression is achieved by reducing the number of CpG motifs from plasmid DNA.
Minicircle DNA
Minicircle DNA, also known as a supercoiled minimal expression cassette, is an abridged form of conventional plasmid DNA obtained by eliminating all bacterial components, including a replication origin and an antibacterial resistant gene. Minicircle DNA contains only an expression cassette. including cDNA, enhancer and promoter (Mayrhofer et al., 2009 ). The initial concept of minicircle DNA is similar to CpG reduced plasmid DNA, namely, to avoid transgene silencing mediated by bacterial-derived sequences. Several studies have reported that more persistent transgene expression is obtained with minicircle DNA compared with their parenteral plasmid DNA (Chen et al., 2003 , Wu et al., 2006 , Argyros et al., 2011 , Huang et al., 2009 ), even though the mechanism whereby bacterial sequences suppress transgene expression remains unclear. Chen et al. have obtained evidence that silencing of transgene expression was not merely affected by the CpG content or CpG methylation of DNA but was mediated by the covalent linkage of the plasmid backbone to the expression cassette (Chen et al., 2004 , Riu et al., 2005 . They suggested that the formation of repressive heterochromatin over the plasmid DNA backbone and its ability to spread out to the adjacent region might be involved in the transgene silencing (Chen et al., 2004 , Chen et al., 2008 . Furthermore, the latest report from the same group provided strong evidence that the length but not the sequence of the DNA insert between the 5' and 3' ends of transgene expression cassette is critical for transgene silencing (Lu et al., 2012) . Moreover, several pieces of evidence have indicated an inverse correlation between plasmid size and transgene expression efficiency (Kreiss et al., 1999 , Yin et al., 2005 . Considering these observations, it seems that the reduced number of CpG contents is not the main factor responsible for the improved and persistent transgene expression from minicircle DNA over parenteral plasmid DNA. Instead, elimination of the plasmid bacterial backbone, shortening of the spacer between 5' and 3' ends of the transgene expression cassette and a reduction in plasmid size could be the reason for persistent transgene expression from minicircle DNA.
Rational design of plasmid DNA encoding the IFN gene to control the kinetics of transgene expression
The development of IFN-based therapy has been hindered by the many disadvantages of IFN, such as its short in vivo half-life, which requires multiple and frequent administration. These increase patient-noncompliance and the cost. Gene delivery of IFN can be used to overcome these problems. As described above, a rational design of plasmid DNA encoding the IFN gene is effective in optimizing IFN transgene expression. This section reviews the application of the strategies to IFN expressing plasmid DNA.
3.1 Improved duration of IFN transgene expression by using CpG reduced plasmid DNA As already described, removal of CpG motifs from plasmid DNA generally results in the prolongation of transgene expression. We have demonstrated that prolonged expression of IFN-β and IFN-γ was obtained by using CpG reduced pGZB vector. A single hydrodynamic injection of pGZB vector encoding murine IFN-β (pGZB-Muβ) into mice resulted in more sustained expression of IFN-β compared with CpG-replete pCMV-Muβ. Moreover, the inhibitory effect of IFN-β gene transfer on pulmonary metastasis of CT-26 carcinoma cells was high in mice receiving pGZB-Muβ compared with that in those receiving pCMV-Muβ.
Similar results were obtained with plasmids expressing murine IFN-γ. These results indicate that the removal of CpG motifs from plasmid DNA enhances the therapeutic effects of IFN gene transfer through prolongation of IFN transgene expression (Kawano et al., 2007) . In order to further reduce the number of CpG motifs in plasmid DNA, CpG-free plasmid vector, called pCpG plasmid (Invivogen), which has no CpG motifs , was chosen to construct plasmid DNA encoding murine IFN-γ (pCpG-Muγ). As expected, administration of pCpG-Muγ resulted in more sustained IFN-γ expression and a greater anti-tumor effect compared with that of pGZB-Muγ or pCMV-Muγ (Mitsui et al., 2009) . The sustained expression of IFN-γ from pCpG-Muγ was also beneficial in treating chronic diseases, like atopic dermatitis.
We succeeded in ameliorating the development of Th2 dominant atopic dermatitis in NC/Nga mice, a mouse model of atopic dermatitis (Hattori et al., 2010) . The sustained IFN-γ expression in mice shifted the immunological balance toward Th1. This effect was not observed in mice receiving multiple injections of pCMV-Muγ. Therefore, we proposed CpG depleted plasmid DNA encoding IFN-γ, pCpG-Muγ as a useful method for IFN-γ gene therapy.
Combination of CpG reduction and selection of promoter/enhancer
CpG reduced plasmid DNA encoding murine IFN-γ provided high and sustained transgene expression of IFN-γ in mice after hydrodynamic injection and produced potent therapeutic effects on tumor growth or atopic dermatitis (Mitsui et al., 2009 , Hattori et al., 2010 .
However, the administration of pCpG-Muγ was associated with very high concentrations of IFN-γ soon after gene transfer, which fell with time to a constant, steady level. The high initial concentrations of IFNγ could induce unwanted responses, such as body weight loss.
The plasmid pCpG-Muγ contains human elongation factor (hEF)-1 promoter and murine cytomegalovirus (mCMV) enhancer. The hydrodynamic injection method, which was used for gene transfer in the study of plasmid pCpG-Muγ, has been reported to activate transcription factors, including activator protein (AP)-1 and nuclear factor (NF)-kappa (κ) B in the liver (Nishikawa et al., 2008) . As mCMV enhancer contains many binding sites for AP-1 and NF-κB, the activation of transcription factors by hydrodynamic injection could result in an initial surge in transgene expression. We designed and constructed a plasmid vector that exhibits a constant and steady expression of IFN-γ for minimizing the adverse effects caused by initial high concentrations of IFN-γ (Ando et al., 2012) . As the kinetics of transgene expression is mainly governed by the type of promoter and enhancer, we constructed a series of plasmid vectors with different promoters and enhancers. As a result, we found that the plasmid DNA containing human ROSA26 (hROSA26) promoter produced a constant and steady expression of IFN-γ. Furthermore, adverse effects, such as body weight loss, which was observed in mice receiving a high dose pCpG-Muγ, were not observed in mice receiving hROSA promoter-driven IFNγ-expressing plasmid DNA. Lack of binding sites for AP-1 and NF-κB in the hROSA26 promoter seems to be responsible for the constant transgene expression. Interestingly, the duration of IFN-γ transgene expression from hROSA26 promoter-containing plasmid DNA was comparable with that from pCpG plasmid, despite the fact that the hROSA26 promoter contains as many as 428 CpG motifs. As the hROSA26 promoter contains many binding sites for SP1, a steady transcription factor, sustained transgene expression from hROSA26 promoter might be due to its many SP-1 binding sites. The reason why sustained transgene expression is obtained by using the CpG replete hROSA26 promoter-driven plasmid DNA has not been identified yet. However, these results suggest that the number of CpG motifs in plasmid DNA is not a major factor controlling the profile of transgene expression.
Minicircle DNA with a tumor-selective promoter as a tumor-specific expression system
Minicircle DNA is attractive for persistent transgene expression. Wu et al. applied this DNA to IFN-γ gene therapy of cancer. The anti-tumor effects of IFN-γ on human nasopharyngeal carcinoma (NPC) were studied by using minicircle-mediated IFN-γ gene transfer. IFN-γ gene transfer by minicircle DNA exhibited better antiproliferative effects in NPC tumor-bearing mice than those obtained by its plasmid DNA counterpart, which was a consequence of a high and persistent transgene expression of IFN-γ from the minicircle DNA (Wu et al., 2006) . (Raab-Traub, 2002) , oriP promoter, which contains many binding sites for EBV nuclear antigen 1 (EBNA-1), was used for minicircle DNA encoding IFN-γ to increase the specificity of transgene expression in NPC tumors (Yates et al., 2000) . The results obtained showed that minicircle DNA, the IFN-γ expression of which was driven by the oriP promoter, had no antitumor effects on EBV-negative tumor xenografts but produced tumor regression and prolonged survival in EBV positive tumor-bearing mice. Moreover, the IFN-γ level in the liver was significantly lower in mice receiving oriP promoter-based minicircle DNA than that in those receiving CMV promoter-based minicircle DNA. These findings suggest that the oriP promoter-based IFN-γ-expressing minicircle DNA can be used as a safe and effective therapy to treat EBV positive NPC (Zuo et al., 2011) .
As a close correlation between the pathogenesis of NPC and EBV infection has been reported

Small molecule-inducible plasmid DNA for long-term and renewable transgene expression
Drug-regulated transgene expression systems have been established to manipulate spatial and temporal aspects of transgene expression. Generally, this plasmid system consists of two key components. The first component expresses an inactive form of a regulatory protein, which will be activated after binding of a small-molecule inducer. The other one carries the transgene of interest, which is expressed in response to the activation of the regulatory protein (Nordstrom, 2003) . A mifepristone (MFP)-inducible plasmid system, termed pBRES has been constructed by Szymanski et al. A variety of trangenes, including human IFNβ, were inserted into the pBRES plasmid and the regulation of transgene expression in response to MFP was examined. For example, the intraperitoneal injection of MFP following the transfection of pBRES plasmid encoding human IFNβ (pBRES-hIFNβ) into murine hind limb muscles with electroporation resulted in detectable serum levels of hIFNβ while, in the absence of MFP, the level of hIFNβ in mouse serum was undetectable (Szymanski et al., 2007) . Harkins et al. applied the pBRES plasmid system for encoding murine IFN-β and investigated the therapeutic effect in a murine model of experimental allergic encephalomyelitis (EAE). This plasmid DNA induced efficient and sustained expression of interferon-inducible protein-10, which is used as a marker of IFN activity, in mice for up to 3 months under MFP induction. Repeated administration of plasmid resulted in renewed expression. The administration of the pBRES murine IFNβ plasmid with an inducer MFP produced an efficient therapeutic effect compared with the control plasmid or pBRES murine IFN-β plasmid administration without MFP in a mouse model of EAE (Harkins et al., 2008) .
Conclusions
IFN gene transfer could avoid the many drawbacks of IFN-based therapy and a number of clinical trials have been conducted using IFN gene transfer (Kalanjeri and Sterman, 2012) .
However, most of these studies use viral vectors. Only few studies use non-viral vector, which is cationic liposome (Wakabayashi et al., 2008 , Matsumoto et al., 2008 . In order to expand the range of IFN gene therapy by plasmid DNA vector, an engineered plasmid DNA vector that can regulate spatio-temporal distribution of IFN is required. In the present review, we have summarized attractive strategies that can be used to obtain more precisely controlled transgene expression of IFN using the modified plasmid DNA via simple administration methods such as hydrodynamic injection (Ando et al., 2012 , Hattori et al., 2010 , Mitsui et al., 2009 ), intratumoral injection of plasmid-liposome complex (Wu et al., 2006 , Zuo et al., 2011 and intramuscular injection (Harkins et al., 2008) . Using plasmid modification techniques described in the present review is a promising strategy for improving the therapeutic efficacy and safety profile of IFN gene therapy.
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